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FOREWORD 

T h i s  I n t e r i m  Techn ica l  Data Report  i s  submi t ted  t o  t h e  NASA Langley 
Research Center by  t h e  AiResearch Manu fac tu r ing  Company, Los Angeles, Cal i f o r n i a .  
The document was prepared i n  accordance w i th ,  t h e  g u i d e l i n e s  e s t a b l i s h e d  by  
Paragraph 6.3.3.2 of NASA Statement o f  Work L-4947-B. 

I n t e r i m  Technica l  Data Reports a r e  generated on a q u a r t e r l y  b a s i s  f o r  
ma jo r  program tasks  under t h e  Hypersonic Research Engine P r o j e c t .  Upon 
comp le t i on  o f  a g i v e n  t a s k  e f f o r t ,  a F i n a l  T e c h n i c a l  Data Report w i l l  be . 
submit ted.  

The document i n  hand p resen ts  a d e t a i l e d  t e c h n i c a l  d i s c u s s i o n  o f  t h e  
Fuel System Development f o r  t he  p e r i o d  o f  20 March 1968 through 19 June 1968. 
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APPENDIX A 

Symbols 

0 

I 

2 

‘d 

D 

d 

a 

P 

F 

F 

FT 

kg  

kg 

p2 

p3 

Def i n i  ti on 

supp ly  l i n e  upstream o r i f i c e ,  in .  2 

supp ly  l i n e  exhaust o r i f i c e ,  i n .  2 

. 2  

2 

f l o w  area, i n .  

sea t  area, in .  

ven t  o r i f i c e ,  i n .  

a c t u a t o r  chamber f l o w  area, i n .  

m e t e r i n g  b a l l  sea t  area, i n .  

b e l l o w s  area, i n .  

2 

2 

2 

2 

be l l ows  area ( i n n e r  PN 393140), . 2  i n .  

be l  lows area, (he1 i um PN 395626), i n .  2 

2 

. 2  

gu ide  f l o w  area, i n .  

downstream area, i n .  

d i scha rge  c o e f f i c i e n t  

poppet spher i  c a l  d iameter  

poppet s e a t  d i  ameter 

a c t u a t o r  f o r c e  

poppet f o r c e  

f l u i d  f o r c e  

be l  lows s p r i n g  cons tan t  

be l l ows  s p r i n g  constan 

i n l e t  pressure,  p s i a  

o u t l e t  pressure,  p s i  a 

a c t u a t i o n  pressure,  ps 
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APPENDIX  A (Con t i  nued) 

Symbol s 

p4 

p5 

p7 

'6 

R 

r 

r 

r 

P 

S 

7 

s2 

sP  

'6 

T 

v2 

v3 

v4  

Def i n i  ti on 

supp ly  pressure,  p s i a  

ven t  pressure,  p s i a  

i n l e t  p ressu re  ( h e l i u m  purge), p s i a  

a c t u a t i o n  p ressu re  (he1 i urn poppet) ,  p s i  a 

gas cons tan t  

p ressu re  r a t i o  

poppet sea t  r a d i u s  

r a d i  us, 

poppet s t roke,  i n .  

t o rque  motor wand st roke,  i n .  

poppet s t r o k e  ( A 6 ) ,  i n .  

poppet sp r i ng 

temperature 

supp ly  chamber volume, i n .  

. 3  be l  lows volume (between b e l  lows PN 3931 4 0 ) ,  in. 

a c t u a t o r  chamber volume, i n .  

case volume, i n .  

A7 

3 

3 

3 

Greek Symbol s 

Y speci  f i c heat  r a t i o  

A denotes d i  f f e r e n c e  

w f l o w  r a t e  

S u b s c r i p t s  

max. maxi mum 

m i  n. m i  n i mum 
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I .  INTRODUCTION AND SUMMARY 

I .  I INTRODUCTION 

The Hypersonic Research Engine (HRE) i s  a r e g e n e r a t i v e l y  cooled, hydrogen- 
f u e l e d  ramje t  engine in tended t o  be t e s t e d  on the  X-15A-2 a i r c r a f t .  The f u e l  
system c o n s i s t s  b o t h  o f  equipment aboard the  X-15A-2 and equipment w i t h i n  t h e  
HRE. The equipment aboard the  X-15A-2 i nc ludes  l i qu id -hyd rogen  f u e l  tanks, 
a s s o c i a t e d  plumbing and p r e s s u r i z a t i o n ,  va l ves  f o r  p u r g i n g  and overboard dump, 
and o t h e r  c o n t r o l s  r e q u i r e d  f o r  d e l i v e r y  o f  t h e  f u e l  f rom the  s to rage  tanks 
t o  the  HRE. The equipment w i t h i n  t h e  HRE i nc ludes  t h e  f u e l  pump, pump d r i v e ,  
and a s s o c i a t e d  p lumbing and c o n t r o l  va l ves  t o  p r o p e r l y  meter  f u e l  f l o w  through 
the f u e l  i n j e c t o r s  and/or overboard f u e l  dump. 

For development purposes, t he  f u e l  system i s  separated i n t o  the  f o l l o w i n g  
ma jo r  segments : 

Fuel system i n t e g r a t i o n  

Fuel system va lves  

Fue 1 t u  rbopump 

A i r c r a f t  f u e l  t r a n s f e r  system 

1.2 SUMMARY OF STATUS 

The f o l l o w i n g  major  e f f o r t s  were completed d u r i n g  t h e  p a s t  q u a r t e r  f o r  t h e  
f u e l  system: 

( a )  The computer program f o r  t h e  p ressu re  drop and temperature p r o f i l e  
analyses has been completed w i t h  a l l  p resen t  des ign r e v i s i o n s  
i ncorpora ted. 

( b )  Design and f a b r i c a t i o n  o f  t h e  breadboard va lves has e s s e n t i a l l y  been 
completed. ( A l l  o f  the v a l v e s  w i l l  be t e s t e d  i n  t h e  near f u t u r e . )  

( c )  P r o t o t y p e  v a l v e  d e t a i l  drawings were re leased t o  manufactur ing.  

( d )  The turbopump design was completed and a l l  p a r t s  re leased  t o  
manufactur ing.  I n i t i a l  e f f o r t s  i n  i m p e l l e r  f a b r i c a t i o n  u s i n g  a 
n u m e r i c a l l y  c o n t r o l l e d  c u t t i n g  machine have proved successfu l ,  
thereby e l i m i n a t i n g  s i g n i f i c a n t  l e a d  t imes. 
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Fuel system e f f o r t s  f o r  the next quar te r  w i l l  include: 

( a )  Continuation of prototype valve manufacture 

( b )  Completion of breadboard valve t e s t i n g  

( c )  Completion of prototype turbopump manufacture 
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2. FUEL SYSTEM INTEGRATION 

2.1 PROBLEM STATEMENT 

An i n t e g r a t e d  f u e l  system i s  t o  be p r o v i d e d  t o  meet the o v e r a l l  requirements 
f o r  f u e l  t r a n s f e r  and r e g u l a t i o n  t o  t h e  HRE. To accompl ish t h i s ,  i t  i s  
necessary t o  ( I )  e s t a b l  i s h  the des ign requirements f o r  t he  system components, 
and ( 2 )  r e s o l v e  the  i n t e r f a c e  requi rements o f  t he  f u e l  system w i t h  t h e  X-15A-2 
a i r p l a n e ,  t h e  HRE, and t h e  HRE c o n t r o l s .  

2 .2 BACKGROUND 

The f u e l  system inc ludes  t h e  f u e l  t r a n s f e r  system onboard t h e  X-15A-2 
a i r c r a f t  and t h e  f u e l  r e g u l a t i o n  system w i t h i n  t h e  HRE. The i n t e g r a t i o n  
requirements f o r  t he  X-15A-2 segment o f  t he  f u e l  system, however, a p p l y  o n l y  
t o  f l o w  and p ressu re  demands e s t a b l i s h e d  a t  t he  X-15A-2/HRE i n t e r f a c e  by t h e  
f u e l  c o n t r o l  system w i t h i n  the  HRE. The a n a l y t i c a l  des ign e f f o r t  f o r  t h e  
components i n  the  f u e l  t r a n s f e r  system i s  i nc luded  i n  the X-15A-2 i n t e g r a t i n g  
program. The ma jo r  p o r t i o n  o f  a n a l y t i c a l  e f f o r t  f o r  f u e l  system i n t e g r a t i o n  
w i l l  be the  es tab l i shmen t  o f  des ign  c r i t e r i a  f o r  t h e  components w i t h i n  t h e  HRE. 

The HRE f u e l  system schematic, F i g u r e  2-1, shows the  hydrogen f u e l  f l o w  
paths f rom t h e  a i r c r a f t  i n t e r f a c e  t o  t h e  combustor f u e l  i n j e c t o r s .  Aboard 
the  a i r c r a f t ,  the f u e l  f l o w s  f rom the  l i q u i d  hydrogen s to rage  dewars th rough  
a vacuum-jacketed t r a n s f e r  l i n e  t o  the a i r c r a f t  s h u t o f f  and purge v a l v e  and 
q u i c k  d isconnect  a t  t he  X-15A-2/HRE i n t e r f a c e .  From the q u i c k  d isconnect ,  
t he  hydrogen f l o w s  d i r e c t l y  i n t o  the  pump a t  a p ressu re  o f  5 0 . p s i a  and 40'R. 
The hydrogen i s  de l  i v e r e d  f rom t h e  pump d i scha rge  a t  550 t o  I100 p s i a  and 
approx ima te l y  58'R d i r e c t l y  i n t o  a m a n i f o l d .  A t  t h i s  p o i n t ,  t he  f l o w  i s  
d i v i d e d  t o  p r o v i d e  p roper  c o o l i n g  o f  t h e  engine spike,  innerbody, outerbody 
l e a d i n g  edge, and outerbody t r a i l i n g  edge. 
passages i s  r e g u l a t e d  by a c o o l a n t  r e g u l a t i n g  va lve.  

The f l o w  t o  each o f  these c o o l i n g  

As t h e  f u e l  con t i nues  th rough  t h e  c o o l i n g  paths, i t  absorbs hea t  wh ich  
r a i s e s  the  hydrogen temperature t o  650 t o  1600°R, depending upon the  mode o f  
o p e r a t i o n .  The hydrogen then e n t e r s  t h e  f u e l  plenum, f rom where i t  i s  d i r e c t e d  
through t h e  f u e l  c o n t r o l  va lves i n t o  t h e  combustor i n j e c t o r  man i fo lds .  A dump 
va lve  and l i n e s  a r e  p r o v i d e d  t o  dump excess f u e l  d i r e c t l y  overboard, i f  t h e  
r e q u i r e d  c o o l i n g  f l o w  exceeds t h e  engine combustor f l o w  demand. Fuel  a l s o  
f l ows  from t h e  outerbody o u t l e t  m a n i f o l d s  t o  the  t u r b i n e  c o n t r o l  va l ve ;  f rom 
here i t  f l o w s  i n t o  t h e  t u r b i n e  and i s  exhausted d i r e c t l y  overboard. The 
c o n t r o l  v a l v e  p r o v i d e s  t h e  necessary r e g u l a t i o n  o f  t h e  t u r b i n e  t o  m a i n t a i n  
the  f u e l  plenum p ressu re  a t  500 t o  550 p s i a .  
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Figure 2-1. HRE Fuel System Schematic 
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The l i q u i d  hydrogen pump a l s o  p r o v i d e s  t h e  r e q u i r e d  f l o w  f o r  b e a r i n g  
c o o l i n g .  
ings i n  t h e  b e a r i n g  c a v i t y .  From t h e  b e a r i n g  c a v i t y ,  some o f  t h e  f l o w  w i l l  
leak th rough  the  sea ls  i n t o  t h e  t u r b i n e  exhaust, w i t h  t h e  remainder a v a i l a b l e  
f o r  use i n  s t r u c t u r a l  c o o l i n g .  

The c o o l a n t  f l o w  i s  b l e d  from t h e  pump d ischarge through t h e  bear-  

2.3 OVERALL APPROACH 

Fuel  system i n t e g r a t i o n  w i l l  be e s t a b l i s h e d  by p e r f o r m i n g  v a r i o u s  a n a l y t -  
i c a l  and exper imen ta l  t asks .  The tasks  a r e  desc r ibed  i n  t h e  f o l l o w i n g  para-  
graphs. 

2.3.1 A n a l y t i c a l  Approach 

The analyses desc r ibed  below w i l l  be performed. 

( a )  Pressure Drop and Temperature Analys is- -Estab1 ishment o f  an a n a l y s i s  
program f o r  de te rm in ing  p ressu re  drop and temperature p r o f  i l e  through-  
o u t  t h e  f u e l  f l o w  rou tes  f o r  v a r i o u s  f l i g h t  c o n d i t i o n s  and engine 
and coo l  i n g  f l o w  requi  rements 

( b )  Fuel  C o n t r o l  Valve Ana lys i s - -De te rm ina t ion  o f  o p e r a t i o n a l  r e q u i r e -  
ments, f l o w  schedul ing,  p ressu re  drops a1 lowable, o p e r a t i n g  pressures 
and temperatures, dynamic response, etc. ,  f o r  v a l v e  design, i n c l u d i n g  
leakage requ i  rements, f l o w  area to lerances,  and e n v i  ronment 

( c )  Coolant Regu la t i ng  Valve Ana lys i s - -De te rm ina t ion  o f  o p e r a t i o n a l  
requirements, f l o w  schedul ing,  p ressu re  drops a l lowable,  o p e r a t i n g  
pressures and temperatures, dynamic response, e tc . ,  f o r  va l ve  des ign 
i n c l u d i n g  leakage requi  rements, f l o w  area to lerances,  and env i  ron- 
ment 

( d )  Tu rb ine  C o n t r o l  Valve Ana lys i s - -De te rm ina t ion  o f  o p e r a t i o n a l  r e q u i r e -  
ments, f l o w  schedul ing, p ressu re  drops a l  lowable, o p e r a t i n g  p ressu res  
and temperatures, dynamic response, etc. ,  f o r  va l ve  design, i n c l u d i n g  
leakage requi  rements, f l o w  area to le rances ,  and e n v i  ronment 

( e )  Turbopump Ana lys i s - -De te rm ina t ion  o f  o p e r a t i o n a l  requirements, oper-  
a t i o n a l  c o n d i t i o n s ,  pump and t u r b i n e  f l o w  requirements, pump and 
t u r b i n e  power match ing c a p a b i l i t i e s  over  t h e  f l i g h t  range, pump 
cooldown requirements, s t a r t u p  and shutdown t r a n s i e n t s ,  and o p e r a t i n g  
e n v i  ronment 

( f )  Purge and Valve Operat ing Gas A n a l y s i s - - (  I )  De te rm ina t ion  o f  purge 
requirements f o r  t he  s torage t a n k  and t h e  engine, amount o f  purge 
gas a v a i l a b l e ,  and t h e  c o n d i t i o n s  under which i t  w i l l  be a v a i l a b l e ,  
and ( 2 )  d e t e r m i n a t i o n  o f  t h e  amount o f  gas r e q u i r e d  f o r  c o n t r o l  va l ve  
o p e r a t i o n  and i t s  a v a i l a b i l i t y  

( 9 )  Purge and S h u t o f f  Valve Analys is- -Determinat  ion o f  o p e r a t i n g  r e q u i r e -  
ments, f low and p ressu re  drop requ i  rements, o p e r a t i n g  t ime, a.nd 
environment, f o r  va l ve  des ign  
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LH7 Tankage and Feed1 i n e  Ana lys is - -Determinat  i on  o f  genera l  o p e r a t i n g  
c h a r a c t e r i s t i c s  o f  tankage and feed l i nes ,  such as s to rage  volume, 
p r e s s u r i z a t i o n  gas necessary, p ressu re  decay under f low-cond i t  ions, 
9 - e f f e c t s  t o  be considered, env i ronmenta l  e f f e c t s  t o  be considered, 
f e e d l i n e  p ressu re  drop, f e e d l i n e  heat  t r a n s f e r  ra tes,  and schedule 
o f  pump i n l e t  c o n d i t i o n s  

F a i l u r e  Mode Ana lys i s - -De te rm ina t ion  of  s a f e t y  and r e l i a b i l i t y  re -  
qu i rements and p r e p a r a t i o n  o f  a component-by-component a n a l y s i s  t o  
determine system a b i  1 i t y  t o  meet the  requ i  rements 

Analog Computer Analysis--Dynamic a n a l y s i s  o f  t h e  f u e l  system 
( t u r b i n e  c o n t r o l  loop and f u e l  c o n t r o l  loop)  t o  h e l p  d e f i n e  system 
c o n f i g u r a t i o n  and a b i l i t y  o f  system and components t o  f u n c t i o n  
p r o p e r l y  i n  a l l  r e q u i r e d  f l i g h t  regimes 

The d e t a i l s  o f  s p e c i f i c  des ign problems and t h e  a n a l y t i c a l  s o l u t i o n s  
a r e  g iven i n  Sec t i on  2 . 4 .  

2.3.2 Exper imenta l  Approach 

One p r o t o t y p e  system, c o n s i s t i n g  o f  r e f u r b i s h e d  p r o t o t y p e  components, w i l l  
be used f o r  f u e l  system development t e s t i n g .  The t e s t  system w i l l  i n c l u d e  a l l  
f u e l  c o n t r o l  and coo lan t  r e g u l a t i n g  valves, t h e  purge and s h u t o f f  valve, t h e  
turbopump and i t s  c o n t r o l  valve, and s imu la ted  p lumbing and r e s t r i c t i o n s  i n  
t h e  f u e l  system loop. Genera l ly ,  system development t e s t i n g  w i l l  be per formed 
under s teady -s ta te  and t r a n s i e n t  heat  t r a n s f e r  c o n d i t i o n s  t o  p r o v i d e  assurance 
t h a t  t h e  f u e l  system i s  capable o f  pe r fo rm ing  under a l l  modes o f  opera t ion ,  
i n c l u d i n g  combined c o o l i n g  and combustion f low.  S p e c i f i c  t e s t s  and o b j e c t i v e s  
a r e  g i ven  below. 

Func t i ona l  checkout o f  a l l  system and t e s t  setup va lves  and c o n t r o l s  
t o  v e r i f y  t h a t  genera l  o p e r a t i o n a l  and s a f e t y  requi rements a r e  met 

Fuel  f l o w  c a l i b r a t i o n  f o r  t he  eng ine  c o o l i n g  mode and combined 
c o o l i n g  and combustion modes 

S teady -s ta te -po in t  o p e r a t i o n a l  checkout w i t h  t r a n s i e n t  s t e p  i n p u t s  
t o  o b t a i n  dynamic performance da ta  

S t a r t u p  and shutdown o p e r a t i o n a l  checkout t o  eva lua te  t r a n s i e n t  
t imes and dynamic s t a b i  1 i t y  

Purge system o p e r a t i o n a l  checkout t o  a s c e r t a i n  response t i m e  and 
f l o w  r a t e s  

Complete performance and opera t  
s t a r t u p  t o  shutdown t o  eva lua te  
c o n t r o l s  

F a i l u r e  mode checkout t o  determ 
requ i rements 
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2.4 ANALYTICAL EFFORT 

2.4. I System A n a l y s i s  

The computer program fo r  c a l c u l a t i o n  o f  f u e l  system performance data, 
i n c l u d i n g  p ressu re  drop and temperature p r o f i l e s ,  has been r e v i s e d  t o  i n c o r -  
p o r a t e  a l l  p h y s i c a l  changes i n  t h e  r o u t i n g  o f  t h e  f u e l  loop, 

A complete d e s c r i p t i o n  o f  t h e  r e v i s e d  program i s  con ta ined  i n  a separate 
r e p o r t  , AP-68-4003. 

2.4.2 Re1 i a b i  1 i t y  E f f o r t  

R e l i a b i l i t y  e n g i n e e r i n g  suppor t  o f  t he  f u e l  system des ign  e f f o r t  has 
been p r i m a r i l y  concerned w i t h  hardware des ign analyses.  F a i l u r e  Modes, E f f e c t s ,  
and C r i t i c a l i t y  Analyses (Data I t e m  21) and Design Check1 i s t s  f o r  M a i n t a i n a b i l i t y  
and the E l i m i n a t i o n  o f  Human Induced F a i l u r e s  (Data I t em 22) f o r  t h e  redesigned 
f u e l  system va lves  were t r a n s m i t t e d  t o  the  NASA. The F a i l u r e  Mode, Ef fects ,and 
C r i t i c a l i t y  A n a l y s i s  f o r  t h e  redesigned hydrogen turbopump has a l s o  been 
submit ted.  S u r v e i l l a n c e  over  t h e  f u e l  system t e s t i n g  e f f o r t  i s  c o n t i n u i n g .  

2.4.3 Analoq Computer A n a l y s i s  

The Con t ro l  System Development F i f t h  I n t e r i m  Technica l  Data Report (Data 
I t e m  No. 55-6.05) c o n t a i n s  a d e s c r i p t i o n  o f  t he  f u e l  system ana log  s i m u l a t i o n s  
which i n c l u d e  the  i n j e c t o r  system and t h e  temperature c o n t r o l .  The i n j e c t o r  
s i m u l a t i o n  covers a t  p r e s e n t  o n l y  the f i r s t  i n j e c t o r .  The components which a r e  
i nc luded  i n  t h i s  s i m u l a t i o n  a r e  t h e  f u e l  l i n e s  f rom the  main f u e l  plenum, the 
i n j e c t o r  m a n i f o l d s  t h e  f u e l  c o n t r o l  valve,  and t h e  d i g i t a l  computer. There 
a r e  two temperature c o n t r o l  s i m u l a t i o n s :  ( I )  t h e  main c o o l a n t  system wh ich  
i nc ludes  t h e  1 ines, mani fo lds,  c o o l a n t  r e g u l a t i n g  valves, and h e a t  exchangers 
from the d i scha rge  o f  t he  turbopump t o  t h e  main f u e l  plenum, and ( 2 )  t he  
turbopump system, which i nc ludes  the  t u r b i n e  c o n t r o l  v a l v e  and t h e  LH2 
t u  rbopump. 

2.5 TEST ACTIVITY 

Design o f  t h e  t e s t  area f o r  t h e  turbopump and system t e s t i n g  w i t h  hydrogen 
has been i n i t i a t e d .  The f a c i l i t y  w i l l  i n c l u d e  a 141Q00-n-1 c a p a c i t y  s to rage  
system w i t h  an e x p u l s i o n  c a p a b i l i t y  o f  3.0 l b  p e r  s i -  - .u i d hydrogen 
d e l i v e r e d  a t  60 psia,  a h i g h  c a p a c i t y  c r y o g e n i c  vapc vapor i ze  t h e  pump 
d ischarge f l o w  for v e n t i n g  purposes, and a big:) tempe-!  -2 -,Ape gaseous hydrogen 
hea te r  t o  s i m u l a t e  the  engine heat  energy i npu t .  I n s o f a r  as i s  poss ib le ,  f l o w  
paths, volumes, e t c .  w i l l  dupl  i c a t e  those of t h e  HRE; however, t he  p h y s i c a l  
s i z e  o f  t h e  vapor izer ,  heater,  and i n t e r c o n n e c t i n g  plumbing w i l l  n o t  a l l o w  
d u p l i c a t i o n  o f  engine t r a n s i e n t  response i n p u t s  t o  any g r e a t  e x t e n t .  
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3. FUEL CONTROL VALVES 

3. I PROBLEM STATEMENT 

A s e t  o f  va l ves  i s  t o  be p r o v i d e d  t o  r e g u l a t e  t h e  hydrogen f l o w  through 
t h e  H R E  t o  s a t i s f y  t h e  f u e l  requirements f o r  s t r u c t u r a l  c o o l i n g  and engine 
opera t i on .  T h i s  s e t  o f  va l ves  c o n s i s t s  o f  f o u r  c o o l i n g  f l o w  r e g u l a t i n g  valves, 
t h r e e  f u e l  c o n t r o l  va l ves  (one f o r  each o f  t h e  t h r e e  engine combustor i n j e c t i o n  
s t a t i o n s ) ,  a dump v a l v e  f o r  overboard dumping o f  excess f u e l  r e q u i r e d f o r  
c o o l i n g  ( b u t  n o t  engine o p e r a t i o n ) ,  a t h r o t t l i n g  v a l v e  f o r  c o n t r o l  o f  t h e  
turbopump, and a v a l v e  t h a t  combines t h e  f u n c t i o n s  o f  f u e l  s h u t o f f  and engine 
pu rg ing .  

These va l ves  and t h e  

Fuel Con t ro l  Va 

Fuel Con t ro l  Va 

r ass i  gned des 

ve, FCV-I 

ve, FCV-2 

Fuel Con t ro l  Valve, FCV-3 

gna t ions  a r e :  

PN 393090 

PN 393088 

PN 393090 

Coolant R e g u l a t i n g  Valve, C R V - I  PN 393142 

Coolant R e g u l a t i n g  Valve, CRV-2 PN 393142 

Cool a n t  Regul a t  i ng Va 

Cool a n t  Regul a t  i ng Va 

Fuel Dump Valve, FDV 

T u r b i n e  C o n t r o l  Valve 

ve, CRV-3 PN 393142 

ve, CRV-4 PN 393142 

PN 393140 

TCV PN 393094 

Purge and S h u t o f f  Valve PN 395626 

3.2 BACKGROUND 

The requi  rernents f o r  t h e  f u e l  system valves a re  d i c t a t e d  by engine 
performance, s t r u c t u r a l  cool ing,  and f u e l  f l o w  r e g u l a t i o n  requi  rements neces- 
sa ry  f o r  engine s t a r t u p ,  ope ra t i on ,  and shutdown. 

S p e c i f i c  f a c t o r s  t h a t  i n f l u e n c e  t h e  design o f  t h e  v a r i o u s  va l ves  a r e  t h e  
requi  red  f u e l  f low, f u e l  pressure, f l o w  accuracy, f l o w  dynami c response, 
hydrogen gas temperature, s t r u c t u r a l  envelope and mounti  ng requi  rements, 
engine env i  ronmental condi t i ons ,  and re1 i a b i  1 i t y  and s a f e t y  cons ide ra t i ons .  
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The hydrogen f u e l  i s  s t o r e d  as a l i q u i d  a t  low p ressu re  onboard the  
X-15A-2 v e h i c l e .  I t  i s  t r a n s f e r r e d  t o  t h e  HRE through vacuum-jacketed 1 ines.  
A t  t h e  X-I5A-2/HRE i n t e r f a c e ,  t he  hydrogen f u e l  f l o w s  through t h e  s h u t o f f  and 
purge v a l v e  t o  the  turbopump, where i t  i s  boosted t o  the  h i g h  p ressu re  r e q u i r e d  
t o  p r o v i d e  f l o w  th rough  t h e  s t r u c t u r a l  cool  i n g  j acke ts ,  the engine f u e l  c o n t r o l  
valves, and t h e  f u e l  e j e c t o r s  t o  the engine. Both p ressu re  and f l o w  a r e  
determined by t h e  des ign  c h a r a c t e r i s t i c s  o f  t h e  s t r u c t u r a l  cool  i n g  j a c k e t s  and 
f u e l  e j e c t o r s  r e q u i r e d  t o  o b t a i n  the  d e s i r e d  engine performance. 

3 .3  OVERALL APPROACH 

The o v e r a l l  a im o f  t h e  f u e l  system v a l v e  development program i s  t o  
e s t a b l i s h  des ign c o n f i g u r a t i o n s  t h a t  w i  1 1  s a t i s f y  performance requirements, 
w i  t h  rega rd  t o  p r o v i  d i n g  t h e  requi  r e d  f lows, pressures,  e t c .  ; dynami c p e r f o r -  
mance, w i  t h  rega rd  t o  response c h a r a c t e r i s t i c s  f o r  t o t a l  engine c o n t r o l  system 
performance; and t h e  s a f e t y  and re1 i abi  1 i t y  requ i  rements, w i t h  rega rd  t o  m i s s i o n  
and p i  l o t  s a f e t y .  

T h i s  o b j e c t i v e  i s  t o  be achieved by  an a n a l y t i c a l  e f f o r t  t o  e s t a b l i s h  
p r e l i m i n a r y  design c o n f i g u r a t i o n s  t h a t  w i  1 1  s a t i s f y  performance c r i t e r i a  based 
upon e s t a b l i s h e d  f u e l  system concepts. T h i s  e f f o r t  w i l l  be f o l l o w e d  by a 
system a n a l y s i s  o f  t h e  valves,  t o  ensure t h a t  p roper  dynamic performance i s  
obtained, and then by a f a i l u r e  modes and e f f e c t s  a n a l y s i s  t o  ensure r e l i -  
a b i l i t y  goals.  The a n a l y t i c a l  s t u d i e s  w i l l  then be v e r i f i e d  by f a b r i c a t i o n  
and t e s t i n g  o f  breadboard and p r o t o t y p e  models p r i o r  t o  manufacture o f  f l i g h t  
hardware. 

3.4 ANALYTICAL EFFORT 

3.4. I Desiqn Summaries 

Design summaries f o r  a l l  v a l v e  s i z i n g  and performance data a r e  completed 
except  f o r  v a l v e  393142. 
when downstream requ i  rements have been determined f rom computer runs. The 
completed analyses a r e  con ta ined  i n  Appendix A. 

The des ign summary f o r  v a l v e  393142 w i l l  be completed 

3.4.2 S t ress  C a l c u l a t i o n  

S t ress  c a l c u l a t i o n s  were completed f o r  t he  f u e l  system valves as designed. 
Minor  changes were recommended t o  increase t h e  minimum t h i c k n e s s  o f  t he  h o t  
gas va l ves  a c t u a t o r  covers.  

The analyses 
conserva t i ve ,  and 
"S t reng th  o f  Meta 
S t r a i n . "  

The c a l c u l a t  

i n d i c a t e d  tha t ,  f o r  t h e  most p a r t ,  t h e  s t r e s s  l e v e l s  a r e  
were based on the  formulas p resen ted  i n  MIL-Handbook -5A, 

A i r c r a f t  Elements," and Roark 's "Formulas f o r  S t ress  and 

ons w i l l  be submi t ted  i n  a separate r e p o r t .  
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3.5 DESIGN EFFORT 

3.5.  I Breadboard Valves 

The des ign and f a b r i c a t i o n  o f  a l l  breadboard va l ves  i s  e s s e n t i a l l y  
complete. A l l  u n i t s ,  except  f o r  PN's 393142 and 393140, a r e  i n  t e s t .  The f a b r i -  
c a t i o n  o f  these two u n i t s  was delayed due t o  d i f f i c u l t i e s  encountered i n  heat  
t rea tmen t  o f  t h e  bel lows.  New b e l l o w s  have been r e c e i v e d  and assembly o f  t h e  
u n i t s  i s  expected i n  t h e  immediate f u t u r e .  

3.5.2 P r o t o t y p e  Valves 

P r o t o t y p e  v a l v e  d e t a i l  drawings have been re leased  and manu fac tu r ing  
i s  c o n t i n u i n g  on schedule r e l a t i v e  t o  t h e  r e q u i r e d  comp le t i on  dates.  

3 . 6  TEST ACTIVITY 

I n i t i a l  t e s  

( a )  Helium 

( b )  Soleno 
he1 ium 

i n g  o f  t he  breadboard va l ves  has inc luded:  

leakage t e s t s  on b o t h  t h e  poppets and t h e  housing on PN 395626 

d and pneumatic a c t u a t o r  o p e r a t i o n  f o r  b o t h  the  hydrogen and 
f l o w  s i d e s  o f  PN 395626 

( c )  Flow t e s t s  on t h e  he1 ium s i d e  o f  PN 395626 

( d )  Servo c o n t r o l l e r  o p e r a t i o n a l  t e s t s  on PN's 393088 and 393090 

A f t e r  i n i t i a l  t e s t i n g ,  t he  va l ves  w i l l  be f i t t e d  w i t h  t e s t  adapters  f o r  
mount ing i n  t e s t  stands f o r  hydrogen and h o t - a i r  f l o w  t e s t i n g .  

3.7 FUTURE ACTION 

The e f f o r t  d u r i n g  t h e  n e x t  q u a r t e r  w i l l  be t o  con t inue  t h e  p r o t o t y p e  
manufactur ing e f f o r t  and complete t e s t i n g  o f  t h e  breadboard u n i t s .  
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4 .  FUEL TURBOPUMP 

4. I PROBLEM STATEMENT 

A f u e l  turbopump is t o  be p r o v i d e d  f o r  p r e s s u r i z a t i o n  o f  t he  1 i q u i d  
hydrogen f rom s to rage  p ressu re  t o  the h igh-pressure l e v e l  necessary t o  
o b t a i n  the  r e q u i r e d  f l o w  r a t e s  through t h e  s t r u c t u r a l  c o o l i n g  pa ths  and 
engine f u e l  i n j e c t o r s .  

4.2 BACKGROUND 

The turbopump d i scha rge  pressure and f l o w  des ign  c r i t e r i a  a r e  d i c t a t e d  
by t h e  engine performance and s t r u c t u r a l  c o o l i n g  requirements.  A n a l y s i s  of 
these requirements show t h e  n e c e s s i t y  f o r  a h igh-pressure pumping system. 
Several h igh -p ressu re  systems besides t h e  turbopump were cons ide red  i n  e a r l  i e r  
analyses b u t  were e l i m i n a t e d  m a i n l y  on t h e  b a s i s  o f  excess i ve  weight .  
un ique f e a t u r e  o f  t h e  turbopump i s  t h a t  t h e  turboexpander d r i v e  u n i t  uses t h e  
heat  energy absorbed by the  hydrogen coolant ,  thus e l i m i n a t i n g  the  n e c e s s i t y  
f o r  an  e x t e r n a l  energy source, whi l e  s t i  1 1  a1 low ing  u t i  1 i z a t i o n  o f  t h e  hydrogen 
f o r  combust ion. 

The 

4 .3  OVERALL APPROACH 

concepts f rom p r e v i o u s  designs, comp 
t h e  t u r b i n e  and pump u n i t s ,  and then 
exper imenta l  v e r i f i c a t i o n  o f  t he  des 

The o v e r a l  1 approach t o  t h e  turbopump des ign  i s  t o  e s t a b l  i s h  p r e l i m i n a r y  
e t e  a d e t a i l e d  a n a l y t i c a l  program t o  s i z e  
c o n s t r u c t  p r o t o t y p e  subassembly u n i t s  f o r  

4.4 ANALYTICAL EFFORT 

gn pa rame t e  r s  . 

been completed. The ana lys  
w i t h i n  t h e  normal o p e r a t i n g  

55,000 t o  85,000 rpm. The a n a l y s i s  ho lds  t r u e  throughout  and we 

The c r i t i c a l  speed a n a l y s i s  has 
t h a t  no c r i t i c a l  speeds a r e  expected 

s i n d i c a t e s  
range o f  
1 beyond 

t h e  a n t i c i p a t e d  range o f  b e a r i n g  s p r i n g  s t i f f n e s s  ra tes .  The un t w i l l  pass 
through t h e  f i r s t  and second c r i t i c a l  speeds; however, these w i l l  b o t h  be 
s o l i d  body modes and no problem i s  expected. The t h i r d  c r i t i c a l  speed, which 
i s  a f l e x u r a l  mode, i s  w e l l  above any p o s s i b l e  o p e r a t i n g  speed. The a n a l y s i s  
was submi t ted  as Data I t e m  54.01, "St ress and S t r u c t u r a l  C a l c u l a t i o n s  f o r  
Hydrogen Fuel Tu rbopump Ana 1 ys i s. I' 
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4.5 DESIGN EFFORT 

4.5 .  I Design 

The l a y o u t  o f  t h e  turbopump was completed and approved. T h i s  des ign  
i nco rpo ra tes  the  l a b y r i n t h - s e a l  concept. D e t a i l  drawings o f  a l l  p a r t s  were 
completed, and re leased  f o r  f a b r i c a t i o n .  
des ign has been completed and the c a l c u l a t e d  we igh t  o f  the des ign i s  30 lb .  

A we igh t  a n a l y s i s  o f  t h e  f i n a l  

4.5.2 F a b r i c a t i o n  

conf  i r m  b 
u t i 1  i z i n g  
a t  t h e  i n  
been rece 

4.6  TEST 

F a b r i c a t i o n  o f  two s e t s  o f  a l l  d e t a i l  p a r t s  was i n i t i a t e d .  The i m p e l l e r  
b l a d i n g  i s  b e i n g  c u t  on a 5 axis ,  n u m e r i c a l l y  c o n t r o l l e d  machine. A sample 
b lade  s e c t i o n  has been completed and i s  c u r r e n t l y  undergoing i n s p e c t i o n  t o  

ade c o n f i g u r a t i o n .  The t u r b i n e  wheel b lades w i l l  be f a b r i c a t e d  
t h e  Anocut process. These b lades w i l l  r e q u i r e  m i n o r  hand f i n i s h i n g  
e t  t i p s  t o  meet t h e  requi rements o f  t h e  HRE designs. Bear ings have 
ved. A l l  o t h e r  p a r t s  a r e  i n  process. 

ACTIVITY 

The subcomponent t e s t i n g  o f  t he  turbopump components has been scheduled 
t o  o b t a i n  i n f o r m a t i o n  i n  rega rd  t o  b e a r i n g  design, leakage r a t e s  th rough  t h e  
l a b y r i n t h  seals,  and e v a l u a t i o n  o f  v a r i o u s  me ta l  s e a l s  t o  be used on t h e  
turbopump. Two t e s t  r i g s  have been designed; one f o r  the b e a r i n g  tests ,  and 
one f o r  t h e  seal  t e s t s .  They were desc r ibed  i n  t h e  p r e v i o u s  f u e l  system 
development TDR, Data I t e m  55-5.04. 

4 .6.  I B e a r i n q  Tes t  Rig 

The b e a r i n g  t e s t  r i g  has been completed. The u n i t  has been forwarded t o  
the  Boron Tes t  F a c i l  i t y ,  and i s  b e i n g  s e t  up. A photograph o f  t h e  b e a r i n g  
t e s t  r i g  i s  shown i n  F i g u r e  4-1. 

4 .6.2 Seal Tes t  Rig 

T e s t i n g  o f  l a b y r i n t h  seal  leakage r a t e s  u s i n g  l i q u i d  n i t r o g e n  has been 
completed. The r e s u l t s  c o r r e l a t e  c l o s e l y  w i t h  c u r r e n t  l a b y r i n t h  seal  t heo ry .  
Resu l t s  a r e  p resen ted  i n  F i g u r e  4-2 .  

4 .6.2.  I Tes t  F i x t u r e  

The r a d i a l  l a b y r i n t h  c o n f i g u r a t i o n  chosen was a reversed, s t r a i g h t - t h r o u g h  
l a b y r i n t h  sea l .  Two s e t s  of  lands were machined on t h e  s h a f t  s ide.  Each s e t  
o f  lands con ta ined  f i v e  t e e t h  and had a r e l a t i v e  chamber w i d t h  o f  15. The 
chamber depth i s  n o t  as  s i g n i f i c a n t ,  so a chamber w i d t h  t o  depth r a t i o  o f  1.5 
was chosen. 

Accord ing t o  a v a i l a b l e  des ign 1 i t e r a t u r e ,  r o t a t i o n  and e c c e n t r i c i t y  have 
no s i g n i f i c a n t  e f f e c t  on leakage. Therefore, t e s t i n g  was conducted on non- 
r o t a t i n g  sea ls .  
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F i g u r e  4-1 .  Bear ing  Tes t  R i g  
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Figure 4-2. Labyrinth Seal Test, Flow (LN2)  vs Pressure Drop 
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Diametra l  c learances o f  0.0005 and 0.002 in .  were s e l e c t e d  f o r  i n v e s t i g a t i o n  
because o f  t h e  smal l  m o l e c u l a r  s i z e  of hydrogen and t o  a v o i d  rubb ing  o f  t h e  t e e t h .  
The seal  t e s t  r i g  i s  shown i n  F igu res  4-3,  4-4, and 4-5.  Figures 4-3 and 4-4 
show the  i n l e t  and o u t l e t  ends o f  an assembled u n i t ,  and F igu re  4-5 shows t h e  
seal  c o n f i g u r a t i o n  o f  a disassembled u n i t .  

4.6.2.2 Tes t  Procedure 

The t e s t  setup i s  as  shown i n  F i g u r e  4-6.  

The t e s t  procedure i s  as f o l l o w s :  

( a >  T e s t  each seal  c o n f i g u r a t i o n  w i t h  LN2. 

I .  With a 200 p s i g  i n l e t ,  m a i n t a i n  a d i scha rge  p ressu re  o f  I O  p s i g  
f o r  app rox ima te l y  3 hr .  Record any degrada t ion  o f  f l o w r a t e .  

2.  I f  t h e  f l o w  degraded i n  s t e p  I ,  r e p o r t  t he  f l o w  r a t e s  t o  t h e  
cogn izan t  engineer .  

3. If f l o w  degrada t ion  does n o t  occur, measure t h e  s t a t i c  p ressu re  
drops ac ross  the  f i x t u r e  f o r  v a r i o u s  f l o w r a t e s .  

( b )  

( c >  

Repeat s t e p  ( a )  u s i n g  LH2 and w i t h  an i n l e t  p ressu re  of 100 p s i g .  

Fo r  subsequent seal  c o n f i g u r a t i o n s ,  t e s t  w i t h  LH2 p e r  s t e p  (b) -3 
above , 
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F i g u r e  4-3. L a b y r i n t h  Seal Tes t  Rig, I n l e t  End 
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Figure 4-4.  Labyrinth Seal T e s t  Rig,  Outlet End 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles Califorma 

68-3995 
Page 4-7 



Figure 4-5. Labyrinth Seal Test Rig, Seal Configuration 
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F i g u r e  4 - 6 .  Seal T e s t  R i g  T e s t  Setup 
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APPENDIX  A 

8.02C d I  F'd 

HRE FUEL VALVE ANALYSIS 

Y ($r - ($) 

An a n a l y s i s  o f  t h e  f u e l  system valves, PN's 393090, 393088, 393094, 
3931 40, and 39561 6, was conducted t o  determi  ne the  s i  z i n g  and o p e r a t i n g  char -  
a c t e r i  s t i  cs i n  accordance w i  t h  t h e  requi  rements p resented  i n  the  Fuel System 
Valves Statement o f  Work, AiResearch Repor t  No. 67-1 897. The des ign  c a l c u l a -  
t i o n s  a r e  presented  below. Schematics for  t h e  va l ves  a r e  presented  i n  
F i  gures A - I  th rough A-5. 

FLOW AREA 

Flow area s i z i n g  f o r  a l l  valves, except  PN 395626, was determined f r o m  
the  f o l l o w i n g  equa t ion  ( t h e  d e f i n i t i o n s  f o r  a l l  o f  t he  symbols used i n  t h i s  
appendix can be found i n  t h e  t a b l e  o f  symbols a t  t h e  f r o n t  o f  t h i s  r e p o r t ) :  

A .  = 0 

I r y+ll 
- -4 

L J 

where 

+$Breadboard c o n f i g u r a t i o n  o n l y  ( f i n a l  c o n f i g u r a t i o n  
f l o w  = 2.0 1 b/sec) 
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Figure A - I .  Fuel Control Valve Schematic (PN 393090) 
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F igure A-2. Fuel Control Valve Schematic ( P N  393088) 

AIRESEARCH MANUFACTURING DIVISION 
Los Angeles. California 

68-3995 
Page A-4 



C A L I B R A T I O N  
ADJUSTMENT 

VALVE 
I N L E T  

VALVE 
OUTLET 

(TO THROTTLE I N L E T )  

5-43520 

Figure  A-3. Turbine Control  Valve Schematic ( P N  393094) 
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Figure A-4. Fuel Dump Valve Schematic ( P N  393140) 
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F i g u r e  A-5. Purge and S h u t o f f  Valve Schematic (PN 395626) 
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Flow Area, PN 395626 

The purge and s h u t o f f  v a l v e  area was determined as f o l l o w s .  

b o t h  t h e  l i q u  

Consider 
equat i on 

The assumption was made tha t ,  d u r i n g  operat ion,  t h e  hydrogen w i l l  be i n  
d and t h e  gaseous s t a t e .  

ng t h e  hydrogen as a gas, t h e  f l o w  area was determined by t h e  

A4( 

5 . 3 8 ; l f i  

- 0.83  p 2  - - -  where r - 
P 

M 

w 

T I  

= 2 ( m o l e c u l a r  w e i g h t  o f  hydrogen) 

= 3.0 l b / s e c  

= 40°R 

= 0.6 
'd 

= 60 p s i  a 

= 4.03 sq i n. - - 5.38( 3 . 0 )  

(gas), 0.6( 60) (0.496) Then, *4 

Cons ide r ing  t h e  hydrogen as a l i q u i d ,  t h e  f l o w  area was determined b y  t h e  
equa t ion  
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where ;U = 3.0 l b / sec  

C = 0.6 

p = 4.42 l b / c u - f t  

d 

The r e f 0  re, 

= 1.125 sq i n .  I .495( 3.0 

Assuming a s h a f t  d iameter  o f  0.20 in.,  t h e  area o f  . the s h a f t  i s  0.03 sq 
i n .  T h i s  area i s  t h e n  added t o  t h e  areas p r e v i o u s l y  determined f o r  t h e  gaseous 
and 1 i q u i  d s t a t e s .  The requi  r e d  sea t  areas a r e  t h e r e f o r e  

= 4.03 + 0.03 = 4.06 sq i n .  
( gas)2 

A4 

The s e a t  d iameters a r e  

(A-4) 

= 4; (4.06) = 2.27 i n .  

= d- = 1.47 i n .  

(gas)  

( l id 

d 

d 

To p e r m i t  adequate f l o w  through t h e  v a l v e  w i t h o u t  overdesign ing,  an 
average s e a t  d iameter  o f  t h e  two extremes was se lec ted .  The des ign sea t  
d iameter  i s  then 1.88 in.,  which p r o v i d e s  a f l o w  area o f  2.75 sq i n .  

The h e l i u m  f l o w  area o f  t h e  purge and s h u t o f f  v a l v e  was determined by 
us i ng Equat ion ( 4-2). 

5 . 3 8 k G  
A =  4 

W d T  

r 
CdPl *( 'I  A4 li r, P 
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- - -  6o choked 
- 575 - 

= 0.564 f o r  Y = I .67 

where r 
P 

kc)  a i r ,  r 
' I  A4 

P 

393088 

A4,  sq i n .  I .  539 

d, i n .  I .40 

Smin' i n .  0 .35  

in .  0.50  
'design' 

M = 4 ( m o l e c u l a r  we igh t  o f  he l ium) 

393090 393094 3931 40 

2.46 0.568 4.08 

I .77 0.850 2 . 2 8  

0.443 0.21 25 0.57 

0.50 0.35 0.60 

u = 0.058 l b / sec  

= 260'R 

= 575 p s i a  

= 0 . 6  

TI  

' 1  

'd 

then A =  
0.6(  575)  ( 0 . 5 6 4 )  

Assume a poppet s h a f t  d iameter  o f  0.05 i n .  The s h a f t  area i s  then 
0.002 sq i n .  The poppet sea t  area i s  

A = 0.0131 + 0.002 = 0.0151 sq i n .  4 

and t h e  s e a t  d iameter  i s  

d = $ (0 .0151)  = 0.139 i n .  

POPPET STROKE 

The minimum s t r o k e  r e q u i r e d  o f  a f l a t  poppet modu la t i ng  v a l v e  i s  determined 
from t h e  f o l l o w i n g  r e l a t i o n s h i p :  

s = -  A4 
nd  

( A - 5 )  
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F i g u r e  A-6 shows t h e  f l o w  area vs s t r o k e  r e l a t i o n s h i p  f o r  t h e  va l ves  
noted. 

The purge and shu to f f  v a l v e  ( P N  395626), which i s  n o t  a modu la t i ng  valve,  
has i t s  poppet des ign c r i t e r i a  determined as f o l  lows. 

t 
0.15 I N  

0.20 I N .  
0.06 I N .  

I IW I 
U I 

I 
Q '  U 
'z I 

S = STROKE 1 

S-13508 

A d/D r a t i o  o f  app rox ima te l y  0.7 was assumed t o  p r o v i d e  a v a l v e  g a i n  which 
i s  n e a r l y  cons tan t  w i t h  s t r o k e  ( r e f e r  t o  Chapter 3, Reference A- I ) * .  
d = 1.88 in . ,  t h e  b a l l  diameter, D, i s  2.67 i n .  From t h e  geometry shown above 
t h e  gu ide  diameter, Dg,is 2.202 i n .  

For  

The poppet s t r o k e  i s dete r m i  ned f rom 

A4 = nd( S - 0.06) (A -6 )  

3cReference A - I .  Anderson, B l a i n e  W., "The A n a l y s i s  and Design o f  Pneumatic 
Systems," W i  ley,  1967. 
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Rearrangi  ng Equat ion ( A - 6 )  g i v e s  

A4 S = - +  0.06 
nd  

The r e  f o  re, 

2.75 + 

= n( I .  8 8 )  

The maximum desi  gn 

0.06 = 0.498 i n .  

s t r o k e  i s  then 0 . 5  i n .  

The f l o w  area between the  guides i s  found f rom 

= nDg( S + 0 .  15) - 4 i (  S + 0 .  15) I 

(A -7 )  

(A-8) 

where i s  assumed t o  be 0.45 i n .  

Then, 

A l l  = n ( 2 . 2 0 2 ) ( 0 . 5  + 0.15)  - 4 ( 0 . 4 5 ) ( 0 . 5  + 0.15)  

= 3.34 sq i n .  

POPPET AND ACTUATION FORCES 

For t h e  modu la t i ng  valves, which i n c l u d e  a l l  b u t  t h e  purge and s h u t o f f  
va l ve  ( P N  395626),  t h e  poppet f o r c e s  were determined f o r  seve ra l  p o s i t i o n s  of 
poppet s t r o k e .  F o l l o w i n g  t h i s ,  t h e  a c t u a t o r  was s i z e d  t o  p r o v i d e  t h e  r e q u i r e d  
a c t u a t i o n  forces. 

Poppet Forces ( PN' s 393090, 393088, 393094) 

Sample c a l c u l a t i o n s  f o r  a 0.25 i n .  poppet s t r o k e  ( P N  393090) are  g i v e n  
below. Values used i n  t h e  c a l c u l a t i o n  a r e  as f o l l o w s :  

r = 0.94 i n .  
S 

A = 2.77 sq i n .  (max. f l o w  area) 4 

A 1 2  = 1.69 sq i n .  

S / r  = - -  0-'25 - 0.266 I s 0.94 

A3/A4 = 0.53 ( v a l u e  f rom F i g u r e  A-6) 

A = ( 0 . 5 3 ) ( 2 . 7 7 )  = 1.465 3 
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1.465 - = 0.867 I .69 A 3 / A 1 2  = 

P /P = 0.752 ( v a l u e  d e r i v e d  f rom F i g u r e  A-7--P /P 

= A P  a t  500 p s i a  i n l e t  p ressu re  = 500 - ( 0 . 7 5 2 ) ( 5 0 0 )  

= 500 - 376 = I24 p s i  

= AP a t  550 p s i a  i n l e t  p ressu re  = 550 - ( 0 . 7 5 2 ) ( 5 5 0 )  

= 550 - 414 = 136 p s i  

3 P /P ) 2 1  2 1  y z  

P I  - P 2 

A t  a 500 p s i a  i n l e t  pressure,  

( A - 9 )  

= 0.47 ( e q u a t i o n  based on empi r i  c a l  t e s t  data) 

and F = ( 0 . 4 7 ) ( 2 . 7 7 ) (  124) = 161.5 l b  
P 

A t  a 550 p s i a  i n l e t :  

F = ( 0 . 4 7 ) ( 2 . 7 7 ) ( 1 3 6 )  = 177 l b  
P 

The r a t i o  o f  t h e  poppet f o r c e  a t  t h e  s e l e c t e d  p o i n t  t o  t h e  maximum t o t a l  
poppet f o r c e  i s  

The r a t i o  o f  t h e  f l o w  a t  t h e  s e l e c t e d  p o i n t  t o  t h e  maximum v a l v e  f l o w  c a p a c i t y  
I S  

0.821 
I .66 

Yxax. 

R e s u l t s  o f  t h e  p reced ing  c a l c u l a t i o n s  and f o r  PN's 393088 and 393094 are  
p resen ted  i n  F igu res  A-8 t h rough  A-20. 
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PRESSURE D I V I D E R  CHARACTERISTICS ( k =  I . 4 )  
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F i g u r e  A-19. Force R a t i o  vs Flow Area ( P N  393088) 
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A c t u a t i o n  Forces (PN's 393090, 393088, 393094) 

PN 

393090 

393088 

393094 

A f t e r  de te rm in ing  t h e  poppet fo rces  requi  red, a b e l  lows area s u f f  i c i  e n t  
t o  p r o v i d e  t h e  requi  red  a c t u a t i o n  fo rces  u t i  1 i z i n g  t h e  avai  l a b l e  a c t u a t i o n  gas 
supp ly  p ressu res  was s e l e c t e d  from a v a i l a b l e  s i zes .  The be l l ows  areas s e l e c t e d  
a re  t a b u l a t e d  below. 

Bel lows Bel lows 
Area, Sp r i  ng Rate, P r e  1 oad, 
sq i n .  1 b / i  n. l b  

3.98 I 0 4  10.4 

I . .  92 75 7.5 

I .92 75 --- 

By u t i  1 i z i n g  t h e  curves from t h e  p r e v i o u s  sect ion,  and by i n c l u d i n g  t h e  
b e l l o w s  s p r i n g  r a t e  f o r c e s  and t h e  preloads, t h e  t o t a l  r e q u i r e d  a c t u a t i o n  f o r c e s  
were determined. These a r e  p l o t t e d  i n  F igu res  A-21 through A-23 as a c t u a t o r  
f o r c e  vs v a l v e  f l o w r a t e .  For  t h e  t u r b i n e  c o n t r o l  valve,  PN 393094, i t  i s  more 
convenient,  however, t o  p l o t  a c t u a t i o n  AP vs f l o w  AP. 

Poppet and A c t u a t i o n  Forces ( P N  393140) 

Opera t i on  o f  t h e  f u e l  dump valve,  PN 393140, i s  somewhat d i f f e r e n t  because 
o f  f a i l u r e  modes and f l o w  requirements.  Two be l l ows  assembl ies a re  u t i l i z e d  
as shown i n  F i g u r e  A-4. The f o r c e  balance equa t ion  f o r  t h i s  c o n f i g u r a t i o n  i s  
as f o l l o w s :  

( s e a t i n g  f o r c e )  + ( P ,  - p2)+ 
( A - I  I )  

I n  de te rm in ing  the  requi  red b e l  lows areas, t h e  smal l e r  area, A9, was 

i n i t i a l l y  s e l e c t e d  as 1.92 sq i n .  (same be l l ows  as f o r  t h e  393094 v a l v e  a c t u a t o r )  
w i t h  a s p r i n g  r a t e  o f  75 l b / i n .  Other parameters f o r  Equat ion (4-1 I )  f o r  t h e  
maximum f o r c e  ( c l o s e d  va l ve )  p o s i t i o n  a r e :  

s e a t i n g  f o r c e  = d e s i r e d  a t  20(n2.28) = 143 l b  

A = 4.08 sq i n .  
4 

"Assumed poppet f o r c e  area based upon t e s t  da ta  
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P = 550 p s i a  I 

P = P = S I  = 0 (assumed) 2 5 

k + k9 = 150 l b / i n .  (assumed) 8 

P = 500 p s i  a ( max) 
3 

The b e l l o w s  area, A*, r e q u i r e d  i s  a minimum o f  4.95 sq in .  From a v a i l a b l e  

s izes,  a b e l l o w s  area o f  6.0 s q  i n .  was se lec ted .  Using t h i s  va lue  i n  Equat ion 
( A - I  I), a c t u a t o r  pressures,  P 3 ,  were p l o t t e d  as a f u n c t i o n  o f  s t r o k e  as shown i n  

F i g u r e  A-24. Since s t r o k e  vs f l o w  area i s  a l i n e a r  f u n c t i o n  ( see  F i g u r e  A-6) 
and f l o w  area vs f l o w  i s  a l s o  l i n e a r  ( t h e  dump valve, PN 393140, opera tes  i n  
a choked c o n d i t i o n )  the  curve i n  F igu re  A-24 i s  a l s o  p r o p o r t i o n a l  t o  t h e  
a c t u a t o r  p ressu re  vs f l o w  requi  rements. 

Servo C o n t r o l l e r  Desiqn ( P N ' s  393090, 393088, 393140) 

R e f e r r i n g  t o  t h e  schematics i n  F igu res  A - I ,  A - 2 ,  and A-4, t h e  a c t u a t o r  
c o n t r o l l e r s  s e l e c t e d  f o r  use a re  cons tan t  b l e e d  systems u s i n g  an e l e c t r i c a l  
t o rque  motor t o  v a r y  a c t u a t i o n  p ressu re  i n  response t o  changes i n  i n p u t  s i g n a l .  

C a l c u l a t i o n s  were made t o  determine servo c o n t r o l l e r  o u t p u t  p ressu re  as a 
f u n c t i o n  o f  t h e  to rque  motor wand p o s i t i o n  f o r  v a r i o u s  i n p u t  s i g n a l s .  The 
r e s u l t s  a re  shown i n  F igu res  A-25 through A-27. A sample c a l c u l a t i o n  o f  one 
p o i n t  i s  as f o l l o w s .  ( C a l c u l a t i o n s  a re  f o r  PN 393090.) 

S e l e c t e d  servo c o n t r o l l e r  areas and s t r o k e  

-4 
AI = 3.14 x IO sq i n .  ( 0 . 0 2 0  i n .  d ia )  

A = 0 t o  15.9 x s q  i n .  ( 0 . 0 4 5  i n .  d i a )  
2 

S = 0.004 i n .  ( s e l e c t e d  s t r o k e )  
2 

= 2  

= 0.355 ( f r o m  F i g u r e  A-6, wand o p e r a t i o n  i s  s i m i l a r  t o  A2 

15.9  IO-^ a f l a t  poppet)  
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A =  2 

A /A  = 1 2  

P / P  = 3 4  

P =  3 

F =  A 

(0 .355)(15.9 x = 5.64 x IOe4 sq i n .  

3.14 ~ o. 556 

5.64  IO-^ 
0.55 ( f r o m  F i g u r e  A-7--P /P 

(0 .55) (600)  = 330 p s i a  

P3A8 = (330)(3.98)  = 1310 l b  

= P /P ) 
3 4  Y Z  

F i g u r e  A-28 i s  a cu rve  o f  t o rque  motor s t r o k e  vs i n p u t  c u r r e n t  o b t a i n e d  
from t e s t  da ta  f rom t h e  to rque  motor t o  be used. 

Combining t h i s  curve w i t h  t h e  above curves, and p r e v i o u s  c a l c u l a t e d  f l o w  
vs a c t u a t i o n  p ressu re  requi  rements, t h e  f o l l o w i n g  f l o w  vs t o r q u e  motor i n p u t  
curves a re  developed as i l l u s t r a t e d  i n  F igu res  A-29 th rough  A-31. 

Servo C o n t r o l l e r  Design ( P N  393094) 

For  a g i ven  downstream pressure,  P2, t h e  a c t u a t i o n  pressure,  P3, requi  r e d  

t o  ba lance t h e  poppet b e l l o w s  forces,  and t h e  c o n t r o l l e r  poppet f l o w  area, A6, 
can be c a l c u l a t e d  as f o l  lows: 

P 

P = 525 p s i a  (nominal  upstream p ressu re )  

A = 0.0012 sq i n .  (0.039 in .  d i a  s e a t  des ign s i z e  s e l e c t i o n )  

A = 0.0008 sq i n .  (0.032 in .  d i a  o r i f i c e  des ign s i z e  s e l e c t i o n )  

= 300 p s i a  ( s e l e c t e d  va lue )  2 

I 

7 

5 

5 

2 

3 

P = P*  

P I  - P 

PI  - P 

= 525 - 300 = 225 p s i  

= 50 ( f r o m  F i g u r e  A-23) 

P = 525 - 50 = 475 p s i a  requi  r e d  a c t u a t i o n  p ressu re  
3 

= P A N  
‘IAgN1-3 3 6 3-5 

The above r e l a t i o n s h i p  was found by  a p p l y i n g  Equat ion ( A - I )  t o  t h e  f l o w -  
t h r o u g h - o r i f i c e  areas, A and A6, and assuming cons tan t  temperature.  The N 
f u n c t i o n  i s  equal t o :  

5 
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max. 

= 0.604 47 5 P / P  = -  3 I 525’ NI-3 w i t h  

= 0.976 300 P / P  = -  5 3 475’ N3-5 and 

Several  a d d i t i o n a l  va lues  were c a l c u l a t e d  and t h e  r e s u l t s  a r e  shown i n  
F i g u r e  A-32. The maximum area r a t i o ,  A / A  i s ,  f rom F i g u r e  A-32, equal t o  

0.885. F i g u r e  A-33 i s  a p l o t  o f  f l o w  area vs s t r o k e  for a s p h e r i c a l  poppet 
w i t h  a 90-deg c o n t a c t  angle. From t h i s  f i g u r e  i t  has been determined t h a t  t he  
maximum c o n t r o l l e r  poppet s t r o k e  i s  0.0113 i n .  

6 7’ 
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